The results we present here demonstrate that the miAurora-A is also involved in centrosome maturation and totic kinase Aurora-A is essential for asymmetric localspindle assembly, indicating that it regulates both actinization of Numb in mitotic SOP cells. In contrast to Cdc2, and microtubule-dependent processes in mitotic cells.
ment [18]. Aurora-B kinases, in contrast, localize to
To characterize the cellular defects that cause the bristle phenotypes in aurA 37 mutants, we analyzed the kinetochores and the central spindle and perform essen-SOP lineage in these mutants ( Figures 1C and 1D ). The tial functions during chromosome condensation and cyfour cell types in Drosophila ES organs can be distintokinesis [19] . In a screen for mutations that affect asymguished by their characteristic size and marker gene metric localization of Numb, we have identified aurA 37 , expression: of the two larger outer cells, only the socket a mutant in aurora-A in which bipolar mitotic spindles cell expresses the transcription factor Suppressor of are formed and chromosomes segregate, but Numb fails Hairless (Su[H]). The two smaller inner cells can be disto localize asymmetrically. aurA 37 mutants also have detinguished based on expression of Prospero only in the fects in centrosome maturation and fail to recruit the sheath cell. One of each of these four cell types is found proteins Cnn and ␥-Tubulin to centrosomes during mitoin control ES organs ( Figure 1C ). Most aurA37 mutant sis. However, Numb still localizes asymmetrically in cnn ES organs, in contrast, consist of four large cells, two mutants that were reported to lack functional mitotic of which express Su(H), which indicates that the two centrosomes [20] , suggesting that the centrosome matinner cells are transformed into additional outer cells uration defects are not responsible for the failure to ( Figure 1D ). Thus, instead of dividing asymmetrically, localize Numb asymmetrically. Aurora-A is concentrated aurA 37 mutant SOP cells divide symmetrically into two at centrosomes, but photobleaching experiments reveal pIIa cells that then each generate one hair and one rapid exchange with a cytoplasmic pool of the protein.
socket. The Numb protein is crucial for asymmetric SOP Our results suggest that two rapidly interchanging pools cell division, and we therefore tested whether this linof Aurora-A kinase are involved in spindle assembly and eage defect is due to missegregation of Numb by stainasymmetric protein localization during mitosis.
ing homozygous aurA 37 mutant pupae for Numb and DNA ( Figures 1E-1J ). While the Numb protein accumulates at the anterior SOP cell cortex during late prophase Results in wild-type and segregates into the anterior pIIb cell, no asymmetric localization of Numb is observed in aurA 37
Aurora-A Is Required for Asymmetric mutants. The protein is uniformly distributed around the Localization of Numb
cell cortex throughout mitosis and segregates into both The molecular mechanisms that lead to the asymmetric daughter cells. Asymmetric localization of G␣i to the localization of Numb during mitosis are unclear. To idenanterior cell cortex ( Figure 1K ) and localization of Batify mutations that cause defects in Numb localization, zooka ( Figure 1L ) to the posterior cell cortex is unafwe predicted that such mutations would lead to cell fate fected in aurA 37 mutants, indicating that cell polarity transformations in the SOP lineage and cause morphois set up correctly. Thus, aurora-A is required for the logical abnormalities in fly bristles. In a genetic screen, asymmetric localization of Numb during mitosis. we used the eyeless-Flp/FRT system [21] to generate heterozygous flies that become homozygous by mitotic recombination in all tissues that are derived from the Aurora-A Is Required for Centrosome Maturation eye imaginal disk. These include most of the head cuticle and Spindle Morphology [22], and therefore mutant phenotypes can be analyzed A mitotic function for Drosophila Aurora-A has been in bristles on the head. Details of this screen will be described before [18] . In strong alleles of aurora-A, cendescribed elsewhere. One of the mutations we identified trosomes fail to separate, leading to the generation of (called aurA 37 below) caused the frequent formation of abnormal monopolar mitotic spindles, defects in chromorphologically abnormal bristles that contain two hairs mosome segregation, and the formation of polyploid and two sockets, indicating that inner cells are transcells. aurA 37 mutant cells, in contrast, complete mitosis formed into additional outer cells ( Figures 1A and 1B) . and divide into two daughter cells ( Figure 1J ) and can The mutation was mapped to the cytological interval therefore be used to characterize other aspects of Au-87A7-9 based on lethality over Df(3R)P-58. Figures 2C-2F ). In control SOP cells, ␥-Tubutal Procedures), indicating that the protein has not aclin staining is weak during interphase, but two strong quired a novel activity. aurA 37 mutants carry a single dots appear during mitosis, indicating that ␥-Tubulin is G-to-A nucleotide exchange that is predicted to exrecruited to centrosomes ( Figure 2C ). In 67% of the change a conserved arginine (amino acid 201) into histiaurA 37 mutant mitotic SOP cells (n ϭ 24), no strong dots dine. The affected residue is located in the catalytic of ␥-Tubulin staining are visible, indicating a failure to domain and is conserved between all kinases of the recruit the protein to centrosomes ( Figure 2D ). This deAurora-family but not in all other protein kinases. We confect is not completely penetrant, since one dot is observed in 17% of the cells ( Figure 2E) , and, in another clude that aurA 37 is a new allele of Drosophila aurora-A. 
Cnn nor ␥-Tubulin recruitment to mitotic centrosomes
Aurora-A Localizes to Centrosomes and the Mitotic Spindle is required for the asymmetric localization of Numb.
The failure to localize Numb asymmetrically in aurA
37
In C. elegans and vertebrates, Aurora-A proteins localize to centrosomes and the mitotic spindle [16] . The subcelmutants could still be caused by the spindle defects. In neuroblasts, Numb localization still occurs after comlular localization of Aurora-A in Drosophila has not been described, but if Aurora-A is exclusively localized to plete disruption of the mitotic spindle [24] . To test the requirement of a mitotic spindle for Numb localization centrosomes, a function in asymmetric protein localization at the cell cortex is hard to imagine. We therefore in SOP cells, wild-type pupae were incubated in 20 g/ ml colcemid for 1 or 2 hr and stained for Numb and generated an antibody against Aurora-A and used it to stain wild-type and aurA 37 mutant Drosophila pupae ␥-Tubulin (Figures 3C and 3D and Joerg Betschinger for comments on the manuscript. Special thanks to Masanori Mishima for interpreting the potential effect of and 87B1-5 based on lethality over Df(3R)M-Kx1 and further between 87A7 and 87A9 based on lethality over Df(3R)P-58. aurA 37 is the aurA 37 mutation. We also want to thank Barry Dickson, Francois Schweisguth, Tom Kaufmann, Andreas Wodarz, Jola Glotzer, Yuh pupal lethal over the known aurora-A allele aur 87Ac-3 , and transheterozygous dead pupae show the same bristle defects that are observed Nung Jan, the Bloomington and Umea Drosophila stockcenters, and the 
